We measure the density profiles for a Fermi gas of 6 Li containing N1 spin-up atoms and N2 spin-down atoms, confined in a quasi-two-dimensional geometry. The spatial profiles are measured as a function of spin-imbalance N2/N1 and interaction strength, which is controlled by means of a collisional (Feshbach) resonance. The measured cloud radii and central densities are in disagreement with mean-field Bardeen-Cooper-Schrieffer (BCS) theory for a true two-dimensional system. We find that the data for normal-fluid mixtures are reasonably well fit by a simple two-dimensional polaron model of the free energy. Not predicted by the model is a phase transition to a spin-balanced central core, which is observed above a critical value of N2/N1. Our observations provide important benchmarks for predictions of the phase structure of quasi-two-dimensional Fermi gases.
Layered strongly correlated systems play important roles in the quest for high temperature superconductors. In high-transition temperature copper oxide and organic compounds, electrons are confined in a quasi-twodimensional geometry, creating complex, strongly interacting many-body systems, for which the phase diagrams are not well understood [1] . The basic underlying mechanism for superconductivity, pairing of fermions, can be disrupted by an unequal number of pairing species when the Fermi surfaces of the two spin components are mismatched, leading to exotic superconductivity in which pairs acquire finite momentum [2] . Such spin-imbalanced Fermi mixtures also can contain polarons, quasiparticles formed by mobile impurities in a fermionic bath. Ultracold atomic Fermi gases provide a new platform for emulation of these systems, with precise experimental control [3] [4] [5] [6] [7] [8] .
Previous studies of pairing in spin-imbalanced threedimensional (3D) [9] [10] [11] and one-dimensional (1D) [12] Fermi gases revealed phase separation. In 3D, a spinbalanced, fully-paired, superfluid core is surrounded by an imbalanced normal fluid shell, followed by a fully polarized shell, a structure successfully described by an elegant polaron model [13] . For measurements in 1D imbalanced mixtures, the behavior is reversed: A balanced phase appears outside a spin-imbalanced core, in agreement with a mean field model.
A natural question is how the phase diagram of a quasitwo-dimensional cloud, containing a spin-imbalanced Fermi gas, differs from those measured in one and three dimensions. Does phase-separation occur? If so, what separates? Unlike a 3D gas in free space, a two-dimensional (2D) gas naturally contains bound dimers [14, 15] . The binding energy of these dimers, E b ≥ 0, sets the natural scale of length for scattering interactions in 2D systems. 2D-Polarons [16] may be important for a quasi-2D Fermi gas [17] . The phase diagram for imbalanced mixtures in this regime is therefore likely to be very rich [18, 19] , involving the interplay and phase separation of several components, including dimer gases, polaron gases and spinimbalanced normal fluids, as shown in Fig. 1 . Ex-FIG. 1. Top: Side image of layered pancake-shaped atom clouds, separated by 5.3 µm in a CO2 laser standing-wave trap. Bottom: In each pancake, confinement causes majority spins (blue-up arrow) and minority spins (red-down arrow) to pair, producing bound dimers. Polarons form when minority atoms scatter in the Fermi sea of the majority atoms and become surrounded by a cloud of particle-hole pairs (darkblue-light-blue). Tightly bound dimers also scatter, forming dressed dimers.
otic components with spatially modulated superfluids (Fulde-Ferrell-Larkin-Ovchinnikov states), and vortexanti-vortex pairs (Berezinskii-Kosterlitz-Thouless states) also have been predicted for 2D and quasi-2D Fermi gases [18, [20] [21] [22] [23] [24] [25] [26] . The dimensionality of a single layer in Fig. 1 is determined by the ratio of the transverse Fermi energy E F to the energy level spacing hν z in the tightly confined z-direction. The system is two-dimensional if E F /hν z << 1 or three dimensional if E F /hν z >> 1.
We report measurements of the spatial profiles for spin-imbalanced mixtures in the intermediate quasi-twodimensional regime [17] , where E F /(hν z ) ≃ 1. This regime is of great interest, as the onset of a superfluid phase is predicted [19] to occur at a higher critical temperature than for a true 2D system. Control of the relative spin-population permits precision studies of the phase diagram for these quasi-2D-gases, which has been the topic of intense theoretical study [14, [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] . Each profile is labeled by its N2/N1 range. For the density difference, the flat centre and two peaks at the edges are consistent with a fully paired core of the corresponding 2D density profiles. These features are more prominent for the higher interaction strength (right panel).
We investigate density distributions of imbalanced quasi-2D gases by direct imaging. Measured column density profiles for various interaction strengths, E F /E b are shown in Fig. 2 . From the column densities, we extract the radii and the central 2D densities for each state, as a function of N 2 /N 1 , where N 1 is the number of majority atoms and N 2 the number of minority atoms. For simplicity, the cut-off radii are determined by fitting the measured column density with the spatial profile for an ideal 2D gas, n 1D (x) = n 0 (1 − x 2 /R 2 ) 3/2 . Fig. 3 shows the cloud radii for the majority (blue dots) and minority (red dots), for E F /E b = 6.6, 2.2, and 0.75. Both radii are given in units of the Thomas-Fermi radius R T F 1 for the majority, to clearly demonstrate the deviation from the predictions for an ideal Fermi gas, which is shown for comparison as the blue-dashed and red-dashed curves. For the nearly polarized clouds, where N 2 /N 1 = 0.1, the measured majority radii approach the ideal gas limit. As the N 2 /N 1 is increased, the measured radii of both species are significantly affected by attractive interactions between the two spin components.
To consider many-body interactions, we first compare the measured cloud radii for the balanced mixture, N 2 /N 1 = 1, with BCS theory predictions for a true 2D Fermi gas [14, 28] , which shows ǫ F = µ + E b /2. This yields profiles identical to those of an ideal gas [29] , leading to R/R T F 1 = 1 for both spin states (black circle Fig. 3 ), in disagreement with the measured radii, which are much smaller.
Now we compare the data in Fig. 3 to a simple 2D polaron model, which is briefly summarized here and described in detail in the Supplementary Information [29] . At zero temperature, the free energy density f is equal to the energy density. For an imbalanced mixture, with N 2 << N 1 , we assume the 2D energy density is
Here, the first two terms are the energy density for a noninteracting gas and the last term is the energy density for minority polarons in state 2, which arises from scattering in the bath of majority atoms in state 1; n 1,2 and ǫ F 1,2 are the corresponding densities and local Fermi energies. The 2-polaron energy per particle
is derived for a 2D gas in Ref. [17] . For simplicity, we use an analytic approximation [30] , y m (q 1 ) = −2/ log(1 + 2 q 1 ). From Eq. 1, we directly obtain the local chemical potentials, µ 1 = ∂f /∂n 1 and µ 2 = ∂f /∂n 2 and the corresponding local 2D pressure p = n 1 µ 1 + n 2 µ 2 − f . The chemical potentials determine the spatial profiles in the trap. The polaron model predictions for R 1 and R 2 are shown as the upper (blue) and lower (red) solid curves in Fig. 3 . Although the model is strictly valid only for small N 2 /N 1 , we display the predictions based on Eq. 1 for the imbalanced gas for N 2 /N 1 = 0 up to N 2 /N 1 = 0.9. For N 2 /N 1 = 1, we show the predictions for the balanced mixture, which employs a spin-symmetrized free energy density [29] .
The central pressure for the balanced gas (N 2 = N 1 ) is determined by the 2D central density n(0), which is directly obtained from the measured central column density n 1D (0). As discussed in the supplemental material [29] , p ∝ 1/n(0) 2 and n(0) ∝ n 2 1D (0)/N 1 . From this, we obtain the 2D pressure at the trap center in units of the ideal Fermi gas pressure for the same density,p, Fig. 4 . The red solid curve shows the 2D polaron model prediction, for the same trap frequency ω ⊥ as used to de- 2D-BCS theory prediction [14, 28] , where ǫ F = µ + E b /2, the Gibbs-Duhem relation requiresp = 1 for all E F /E b , in contrast to the measurements [29] . We have also measured the central density ratio n 2 /n 1 of the 2D gas as a function of N 2 /N 1 . First, we fit a Thomas-Fermi 1D profile to each column density, from which we find the corresponding 2D densities as described above. Also, we employ an inverse Abel transformation of the column densities to extract the peak 2D densities. Both methods yield similar results within 5%. We show the density ratios for three interaction strengths in Fig. 5 . The agreement with the polaron model is reasonably good at 832 G, where E F /E b = 6.6. However, as the interaction strength is increased to E F /E b = 0.75 by increasing the dimer binding energy at 775 G, the 2D central densities abruptly become balanced above a critical ratio N 2 /N 1 , right panel Fig. 5 . To ensure that the densities are balanced not just at the centre, but over an extended range, we examine the measured column density profiles in Fig. 2 . The apparent presence of two peaks at the edges in the column density difference versus x is consistent with the y-integrated 2D shell structure of a balanced core surrounded by an unpaired majority fraction [29] . Note that double integration of the 3D shell structure gives rise to flat top distributions [9] . Equal densities for any imbalance are not predicted by the 2D polaron model, as the pressure determined for the imbalanced gas from Eq. 1 is always greater than or equal to the pressure for the balanced gas, contrary to the 3D case where crossing of the two pressures determines the critical polarization for the phase separation [13] . This is not unexpected as the simple polaron model with the analytic approximation for the polaron energy overestimates the magnitude of E p on the molecular side of the Feshbach resonance (B < 832 G) and does not include the effective mass or molecular repulsion energy [31] .
In conclusion, the 2D polaron model explains much of the behavior of the spin-imbalanced normal fluid mixtures. However, more precise calculations of the pressures for the balanced and imbalanced components are needed to explain the observed phase separation and critical spin-imbalance. Our measurements will serve as a test for predicted phase diagrams, which will help to reveal the structure of a quasi-2D Fermi gas. In this supplementary material, we first discuss the experimental methods. Then we show that BCS theory for a true 2D Fermi gas [14, 28] fails to account for the measured density profiles of a balanced mixture. Finally, we present a simple 2D polaron model for the density profiles and the pressure of a two-component 2D Fermi gas. In our simplified treatment, we ignore the effective mass and do not include a molecular dimer pressure [32] or molecular dimers and dimer-polarons [31] . We will separately consider both spin-imbalanced and spin-balanced clouds. For the balanced gas, we show that the predicted pressure is in good agreement with the ground-state pressure that we measure from the central density and in reasonable agreement with the pressure measured for 2D Bose and Fermi gases over a broader range of interaction strengths near the 3D Feshbach resonance in 6 Li [33] .
Experimental Methods
In the experiments, a 50-50 mixture of the two lowest hyperfine states of 6 Li, denoted 1 and 2, is confined in a single-beam CO 2 laser trap and initially cooled by forced evaporation near the Feshbach resonance at 832 G [34] . During the forced evaporation, the trapping laser intensity is gradually reduced and a retro-reflected trapping laser beam is smoothly turned on, creating a standing wave at low trapping beam intensity. The bias magnetic field is then slowly swept to 1200 G, where the cloud is weakly interacting, and a frequency-swept, radio-frequency pulse is applied, which is resonant with a transition from state 2 to a higher lying hyperfine state 3. This depletes the population of state 2. Varying the pulse amplitude controls the population imbalance between states 1 and 2. Atoms in state 3 are subsequently removed by an optical pulse on a time scale that is fast compared to the time for three-body inelastic collision to occur. The bias magnetic field is then swept to the field of interest, which sets the dimer binding energy and thus the interaction strength E F /E b . The standing wave trap is further lowered to cool the gas to an energy near the ground state. Using this method, the number of atoms in the majority state N 1 ≃ 800 is held approximately constant as N 2 is varied in the experiments. In addition, the ratio N 2 /N 1 is nearly the same for each two-dimensional trap site in the standing wave, as the initial 50-50 mixture is trapped in the standing wave before the radio-frequency pulse is applied. All experiments are conducted with the same trap frequencies, ω z = 2π × 9 kHz along the tight confinement direction and ω ⊥ = 2π × 440 Hz in the transverse direction. Thus, the transverse Fermi energy of the majority component is nominally the same for all experiments.
The quoted ω ⊥ is 8% higher than that measured at the peak of a parametric resonance at 1200 G in our shallow trap, where we expect anharmonicity to lower the resonance frequency. Indeed, the measured resonance frequency yields a Thomas-Fermi radius R T F 1 for an ideal gas that is larger than the measured majority radius R 1 for N 2 /N 1 → 0, which is not physical. We therefore increase the frequency ω ⊥ so that the majority radius R 1 measured at 1200 G approaches R T F 1 as N 2 /N 1 → 0. Without further adjustment, this frequency is used to compute the Thomas-Fermi radius for all reported measurements. Typical scales are the following: trap potential depth U 0 = 3.3 µK, ideal gas Fermi energy E F 1 = 0.85 µK, Thomas-Fermi radius R T F 1 = 17 µm, axial level spacing hν z = 0.43 µK; at 775 G, E b = 1.15 µK, and the transverse energy mω 2 ⊥ x 2 = 0.16 µK. E b is determined as in ref. 15 including the small transverse confinement ω ⊥ /ω z = 0.05, which increases E b . The effect on the polaron model is small at and below the Feshbach resonance, due to the logarithmic dependence on E F /E b . However, for very weak binding, at 1200 G, the effect is large, and
The spatial profiles of both spin states 1 and 2 are measured for the same cloud and determined after a short time of flight by absorption imaging with a CCD camera, using sequential imaging beam pulses, each resonant with one of the states. In our CO 2 laser standing wave trap, the transverse profiles are photographed essentially in situ as we use an expansion time t exp = 30 − 40 µs << 1/ω ⊥ . On the contrary, as t exp ≃ 1/ω z , the individual clouds expand significantly in the tightly confined direction, which lowers the optical density and reduces systematic effects [33] . Our imaging pulses are 5 µs long, separated by 5 µs, with intensities just below the saturation intensity. The column density profiles for each image are obtained by averaging over 20 central pancake clouds along the tight confinement direction. For Fig. 2 , we show column density profiles averaged over a range of imbalance N 2 /N 1 in steps of 0.06. Each profile is labeled by the central value of the corresponding range.
As imaging of the first spin state affects the image of the second, we rescale the amplitude of the second density profile by a maximum of 11% to match that of the first in the case of balanced clouds. Cut-off radii and central 2D densities are extracted using ideal gas Thomas-Fermi distributions for each image of 20 pancake clouds and displayed in Figs. 3 and 5 . We also use the inverse Abel transformation to obtain model-independent values of 2D central densities consistent with those obtained from the Thomas-Fermi distributions.
Density profiles for BCS theory in 2D
We first consider predictions of BCS theory for a true 2D Fermi gas [14, 28] . The theory shows that the local Fermi energy for a balanced superfluid mixture is ǫ F 1 = µ + E b /2, where ǫ F 1 = α n 1 and µ is the local chemical potential. Here, n 1 = n 2 is the local density and α ≡ 2πh 2 /m, with m the atom mass. For a trapping potential U trap (ρ), µ = µ 0 − U trap (ρ), with µ 0 the chemical potential at the trap center and ρ the transverse radius. Setting ǫ F 1 (0) = µ 0 + E b /2, it is apparent that the predicted density profile is of the Thomas-Fermi form. For a harmonic trap, U trap (ρ) = mω
, the Fermi energy of an ideal Fermi gas at the trap center. The radius at which the density vanishes is the corresponding Thomas-Fermi radius, R T F 1 = 2E F /(mω 2 ⊥ ). For the spin-balanced cloud, N 2 /N 1 = 1, the 2D-BCS prediction is then identical to that of an ideal gas, R/R T F 1 = 1 for both spin states, in disagreement with the measured radii, which are much smaller. We conclude that the BCS mean-field theory (MFT) is, as expected [14] , not adequate for describing our system with intermediate coupling, where interparticle spacing is comparable with the pair size. This sets our experiment apart from previously studied nearly 2D systems that produced a good agreement with the MFT predictions [35] . We begin by assuming a simple form for the free-energy of a spin-imbalanced mixture, with 1 the majority component and 2 the minority, i.e., N 2 < N 1 for the total number of atoms in each state. At zero temperature, the free energy density is equal to the energy density. For the imbalanced mixture, we take
Here, the first two terms are the energy density for a 2D noninteracting gas. The last term is the energy density for polarons in state 2. The polaron energy E p (2) arises from scattering of state 2 atoms from the Fermi sea of atoms in state 1, immersing each state 2 atom in cloud of particle-hole pairs of state 1 [36] . The polaron energy E p (2) is negative and proportional to the local Fermi energy of the majority component,
2 /m and n 1 is the number of atoms per unit area in state 1,
For the 3D problem at resonance, where y m = −0.6 [36] , the same method, with 1/2 → 3/5 in Eq. A1, yields the Fermi liquid equation used in ref. [37] for the normal imbalanced mixture, with m * = 1. In ref. [17] , E p (2) is obtained for a 2D gas as a function of − log q 1 , where q 1 ≡ ǫ F 1 /E b and E b is the binding energy of 1 − 2 dimers pairs in the 2D trap. To simplify the treatment, we use instead an analytic approximation for E p (2) due to Klawunn and Ricati [30] , which interpolates between polaron behavior in the BCS regime and molecular behavior in the BEC regime,
The analytic approximation has the correct behavior for ǫ F 1 << E b , where q 1 << 1. For this case, we see that Eq. A3 yields E p (2) → −E b − ǫ F 1 as it should [31] . For the balanced gas, this result also yields the correct chemical potential per single atom for ǫ F 1 << E b , as discussed below, see Fig. 10 . From Eq. A1, we directly obtain the chemical potentials, µ i = ∂f /∂n i . For an atom in state 2,
where x ≡ n 2 /n 1 is the local density ratio. The first term is just ǫ F 2 , the local Fermi energy for a noninteracting gas of atoms in state 2. As the minority concentration vanishes, x → 0, we see that µ 2 → E p (2), as expected. The interaction between the spin-components also modifies the chemical potential of the majority atoms in state 1,
As x → 0, µ 1 → ǫ F 1 as it should. In the second term, we have defined y
The local 2D pressure is then p = n 1 µ 1 + n 2 µ 2 − f ,
To compare the predictions to the experimental measurements, we parameterize the interaction strength by
where E F ≡hω ⊥ √ 2N 1 is the ideal gas Fermi energy for the majority component at the center of a harmonic trap, with ω ⊥ ≡ √ ω x ω y the transverse oscillation frequency. We define the ideal 2D gas unit of density
where
is the Thomas-Fermi radius for majority component atoms of mass m. The spatial profiles in the trapping potential are determined by the local chemical potentials, Eq. A4 and Eq. A5. For simplicity, we assume a harmonic confining potential, where
2 /2, with ρ the transverse radius. It is convenient to write the chemical potentials in units of E F ,μ i = µ i /E F , the densities in units of n 0 ,ñ i ≡ n i /n 0 , and the transverse radius in units of R T F 1 ,ρ ≡ ρ/R T F 1 . Then, using q 1 = q 0ñ1 ,
We solve these equations for the density profiles in two regions, 0 ≤ρ <R 2 , whereñ 2 = 0 and forR 2 ≤ρ ≤R 1 , whereñ 2 = 0. We begin with the latter. ForR 2 ≤ρ ≤R 1 , Eq. A10 with x = 0 yields a Thomas-Fermi profile,
Sinceñ 1 (ρ) ≥ 0 for allρ, we must haveμ 10 > 0 andρ 2 ≤μ 10 , which determines the radius at which the majority density vanishes,R 1 = μ 10 .
Further, for a gas with attractive interactions, E p (2) < 0, we expect R 1 to be smaller than the Thomas-Fermi radius, i.e.,R 1 ≤ 1, which requires 0 ≤μ 10 ≤ 1. To find the radius at which the minority component vanishes, we set x = 0 andρ =R 2 in Eq. A11. Then,
whereñ 1 (R 2 ) is known from Eq. A12 so that Eq. A14 can be solved numerically forR 2 . Given the chemical potentials at the trap centerμ 10 ,μ 20 , the cutoff radiiR 1 andR 2 are known. Then, Eq. A10 and Eq. A11 can be solved forñ 1 andñ 2 in the region 0 ≤ρ <R 2 . With xñ 1 (ρ) =ñ 2 (ρ), Eq. A11 immediately gives
whereñ 1 (ρ) ≡ñ 1 is consistently determined for 0 ≤ρ <R 2 by eliminatingñ 2 (ρ) from Eq. A10,
The density profiles are normalized according to N i = ∞ 0 2πρ dρ n i (ρ). For the majority, this requires
where ρ = R T F 1ρ and we have used n 1 = n 0ñ1 with Eq. A9 for n 0 . For the minority, we require
In principle, the chemical potentials at the trap centerρ = 0 can be determined from these normalization integrals. However, it is convenient to use the pressure at the trap center to constrain the chemical potentials for a given choice of the density ratio at the trap center, 0 ≤ x(0) ≤ 1. The Gibbs-Duhem relation determines the pressure at the trap center. For fixed temperature, dp = n 1 dµ 1 + n 2 dµ 2 . Since dµ 1 = −dU trap , and the pressure vanishes for U trap → ∞, we have
For a harmonic trap, dU trap = mω 2 ⊥ ρ dρ and U trap → ∞ as ρ → ∞, we immediately obtain
This result is readily generalized for an anharmonic (gaussian) transverse trapping potential, as done in Ref. [33] , leading to an additional negative term ∝ ρ 2 i for each state i = 1, 2. Using Eq. A7, we then have the desired constraint
Now we can find the density profiles. First, we select q 0 = E F /E b and N 2 /N 1 , i.e., the desired interaction strength and polarization, P ≡ (N 1 − N 2 )/(N 1 + N 2 ). Then, we choose a density ratio at the trap center x(0) in the range 0 ≤ x(0) ≤ 1, which determinesñ 1 (0) from Eq. A20. Together, x(0) andñ 1 (0) determine the chemical potentials at the trap center from Eqs. A10 and A11,
For each x(0), we then findμ 10 andμ 20 , which in turn determine possible density profiles. These are found as numerical interpolation functions for the regions 0 ≤ρ <R 2 andR 2 ≤ρ <R 1 . Integrating the majority density, we will generally find that Eq. A17 and Eq. A18 yield I 1 = 1, but I 1 + I 2 = 1 + N 2 /N 1 . By determining I 1 for x(0) in steps of 0.1 and interpolating numerically, we find the value of x(0)) for which I 1 = 1, i.e., the N 1 integral is properly normalized. Then the I 2 integral yields N 2 /N 1 as it should. With this value of x(0), the 2D density profiles are determined for the given interaction strength and polarization. Fig. 3 of the main text shows the measured radii for the minority R 2 and majority R 1 as a function of N 2 /N 1 , for E F /E b = 6.6, 2.1, and 0.75. The polaron model, shown as the solid curves, is in good agreement with the measurements. Here, we have extended the predictions for the imbalanced gas up to N 2 /N 1 = 0.9. For N 2 /N 1 = 1, we show the predictions for the balanced mixture, which are discussed below.
Figs. 6 shows the measured ratios R 1 /R 2 , which are nearly independent of ω ⊥ . The predictions for an ideal 2D Fermi gas, (N 2 /N 1 ) 1/4 , shown as dotted curves are compared to the predictions of the polaron model, shown as solid curves, which are in reasonable agreement with the data. This agreement suggests that 2D polarons play an important role in determining the cloud profiles for the quasi-two-dimensional strongly interacting Fermi gas.
From the 2D density profiles, we find the column densities n ci (x) in units of N 1 /R T F 1 , which are denotedñ ci (x), wherex = x/R T F 1 . For the majority, in the interval −R 1 ≤x ≤R 1 ,
where the majority column density is normalized to 1. For the minority, in the interval −R 2 ≤x ≤R 2 ,
Here, the minority column density is normalized to N 2 /N 1 . Fig. 7 shows the calculated 2D density profiles for the majority and minority components for E F /E b = 0.75 and N 2 /N 1 = 0.5. For this case we find both majority and minority central densities greater than 1, and x(0) = n 2 (0)/n 1 (0) = 0.762, R 1 = 0.894 R T F 1 and R 2 = 0.592 R T F 1 . In the region R 2 ≤ ρ ≤ R 1 , the majority density profile is of the Thomas-Fermi form. However, for 0 ≤ ρ < R 2 , the spatial profiles are strongly modified by attractive interactions between the two components. For comparison, we note that for an ideal noninteracting Fermi gas, the corresponding 2D radius for the majority component is R 1ideal = R T F 1 , while the 2D radius for the minority component is
The measured column densities for N 2 /N 1 = 0.5 are shown in Fig. 8 as solid green and red curves. The difference in the measured column densities n c1 − n c2 is shown as the solid blue curve. The dashed curves show the corresponding predictions based on Eq. A22 and Eq. A23, with no adjustable parameters. The predicted profiles for the column density difference, as well as for the individual profiles, are in reasonable agreement with the data, both in absolute peak density and width. However, for E F /E b = 0.75, we see in Fig. 8 that the data for the difference in the column densities has a flatter profile and sharper edges than the polaron model prediction, consistent with a transition to a balanced core.
According to predictions of the polaron theory based on Eq. A3, the 2D densities of two components never match if imbalanced. We now consider a model for the balanced core density profiles, which is consistent with our observations. For fully balanced 2D minority and majority distributions, we assume the minority density drops to zero beyond the balanced core of radius R and the majority takes the form of a 2D Thomas-Fermi profile. The density difference is 
, where Θ is a Heaviside function. The corresponding column density difference, dy ∆n 2D ( x 2 + y 2 ) is fit to the data using A and R as free parameters. Fig. 9 shows the result for N 2 /N 1 = 0.35 and E F /E b = 0.75, demonstrating that a balanced core model is consistent with the measured column density profile. The density for the spin-balanced mixture is more easily obtained than for the imbalanced case. For a spin-balanced mixture, N 2 = N 1 , we replace Eq. A1 with a free energy density that is symmetric in n 2 ↔ n 1 . Using the same notation as above, we take the polaron energies to be E p (2) = y m (q 1 ) ǫ F 1 and E p (1) = y m (q 2 ) ǫ F 2 , so that
For the 3D problem at resonance, where y m = −0.6, the same method with 1/2 → 3/5, yields the correct pressure for the balanced gas. With the substitution,μ → (µ 1 + µ 2 )/2, we recover the result of Ref. [36] for the balanced superfluid with a Bertsch parameter 1 + y m = 0.4. From Eq. A24, we obtain the chemical potentials, µ i = ∂f /∂n i . Taking n 2 = n 1
Taking the total density to be n so that n 1 = n 2 = n/2, we can write the free energy as
Here, we have used the same notation as above, with ǫ F 1 = α n 1 , q 1 ≡ q 0ñ1 , andñ 1 ≡ n 1 /n 0 , where n 0 is given by Eq. A9. The corresponding local pressure,
For E b >> ǫ model using Eq. A3 for the balanced gas is in reasonable agreement with that of Fig. 1 of Ref. [32] , which utilizes an interpolator adjusted to agree with the quantum Monte-Carlo predictions of Ref. [24] . Eq. A27 can be used to determine the density at the trap centerñ 1 (0) and the corresponding chemical potential, by using the Gibbs-Duhem result, Eq. A19 with N 2 = N 1 , p(0) = mω 2 ⊥ N 1 /π. With Eq. A9, the central density is then immediately determined by numerically solving
We can write the chemical potential in units of E F , using the same notation as in the previous section,
Using Eq. A28 forñ 1 (0) then determinesμ 10 ≡μ 1 (0). Withμ 1 =μ 10 −ρ 2 as before, the density profile is then determined for the given q 0 = E F /E b using
The density vanishes for ρ > R 1 . To determine R 1 , we consider Eq. A30 in the limitñ 1 → 0, where Taylor expansion of y m and y ′ m shows that the right-hand side approaches −ñ 1 /(2q 0 ) = −E b /2, which is half the dimer binding energy, as it should be for the chemical potential of an atom. Withρ max ≡R 1 , the cloud radius in units of R T F 1 is then given by,R
We note that the density is then self-consistently normalized, i.e., it obeys Eq. A17 as it should. 5. Spin-balanced column density.
The column density, Eq. A22 for the balanced mixture is calculated by integrating the 2D spatial profiles obtained from Eq. A30. For a harmonic trap, we find that the predicted column density n 1D (x) is very well fit by
where Θ is a Heaviside function, n 1D0 is the peak column density, and n is an exponent, determined from the fit.
Normalizing the x-integral of Eq. A32 to the number of atoms N 1 in one spin state yields,
which determines R from the measured atom number and peak column density, as shown in Fig. 11 (blue solid dots) . To find the peak column density we fit the data by a parabola within 70% of the apparent Thomas-Fermi radius. Thus, we avoid fitting the wings of the column density, which suffer from relatively high noise. For comparison, we also fit the measured profiles with the ideal gas Thomas-Fermi distribution to directly obtain the cut-off radii shown as open black circles in Fig. 11 . Note, that the results of Thomas-Fermi fits are systematically higher, but can be fit very well by the polaron model over the whole range of the interaction strength E F /E b by decreasing the transverse trap frequency by several per cent. The corresponding 2D profile takes the form,
where ρ ≡ x 2 + y 2 . Normalization of Eq. A34 to the measured number N 1 and elimination of R using Eq. A33 relates n 2D0 to n 1D0 ,ñ 
Here,ñ 1D0 is the measured central column density in units of N 1 /R T F 1 andñ 2D0 is given in units of n 0 , Eq. A9. Thus, measuring the atom number and the peak column density is sufficient to extract the central 2D density without the need of fitting the wings of the column density profiles. The density profiles of Eqs. A32 and A34 fit the spatial profiles predicted by the polaron model very well. For an ideal Fermi gas, we would have n = 3/2 for the 1D fit. For the polaron model, we find n decreases as q 0 = E F /E b decreases, from n = 1.5 at q 0 = 100, where the gas is nearly ideal, down to n = 1.03 at q 0 = 0.05 where E b /E F is large. Over this range, the first factor in Eq. A35 only varies from 1.39 to 1.34 and therefore is insensitive to n. Using the predicted power law exponents, Eq. A35 then relatesñ 2D0 to the measuredñ 1D0 .
In the experiments, we determine the pressure at the trap center, in units of the total pressure p ideal of a spinbalanced ideal Fermi gas at the same density, as done in Ref. [33] . As noted above, the Gibbs-Duhem relation, Eq. A19, yields the constant value p(0) = mω 2 ⊥ N 1 /π for a harmonic trap. Then, the reduced pressure for the balanced gas is determined simply from the 2D central density,p
where p ideal = ǫ F 1 (n 1 + n 2 )/2 = n 1 ǫ F 1 , andñ 1 (0) is the 2D central density in ideal gas units n 0 , Eq. A9. We determineñ 1 (0) ≡ñ 2D0 from the measured column density at the trap center, as discussed above. The measurements are compared with the polaron model predictions, based on Eq. A27,
whereñ 1 (0) is self-consistently determined for each q 0 using Eq. A36. Fig. 4 of the main text shows the polaron prediction (solid curve) for the pressure of the balanced gas as a function of E F /E b , which agrees very well with the measurements. Fig. 12 compares the predicted pressure with recent measurements over a larger range of E F /E b [33] . We obtain the curve shown and the best agreement in the small E b (BCS) limit by calculating E b for the unconfined case, ω ⊥ /ω z = 0, using the parameters in the table of Ref [33] . The polaron model is in reasonable agreement with the data and appears to reasonably approximate the quantum Monte-Carlo prediction of Ref. [24] , which is shown in Ref [33] .
We can compare the predicted pressure for the balanced gas with that of the imbalanced gas by replacing the central chemical potential for the balanced gas with the mean chemical potential obtained for the imbalanced gas. We find that the pressure of the balanced gas is always lower than that of the imbalanced gas, except when the densities of both components are equal, where the pressures match. Hence, for the simple polaron model based on Eq. A3, we expect the gas to remain imbalanced for all N 2 /N 1 < 1, in contrast to the observations. 
